Adaptive mechanism and efflux-transport system of Pseudomonas sp. LE2 were investigated to understand how this microorganism survives in lindane-contaminated environments. Adaptive mechanism was demonstrated by changes in the ratio of total saturated to unsaturated fatty acids in cells grown on glucose with or without lindane. The ratio of total saturated to unsaturated fatty acids in cells grown with lindane was 0. 9, which was comparable to 0. 5 in cells grown without lindane. Lindane significantly affected in vitro the membrane of cells grown without lindane by decreasing membrane transition temperature from about 25 to 22°C at 8 tiM. Less fluidizing effect of lindane on the membrane of cells that had grown with lindane was observed, giving about 18% of polarization percentage ratio, which was significantly lower than about 52% in cells grown without lindane. When lindane was incubated with Pseudomonas sp. LE2 cell suspensions, it accumulated in cells by simple diffusion mechanism. A membrane transport inhibitor, sodium azide, increased considerably lindane accumulation in cells, showing significant inhibition of lindane efflux from cells. These results suggest the view that Pseudomonas sp. LE2 capable of growing in the presence of lindane is able to adapt to the fluidizing action of lindane by incorporating saturated fatty acids into membrane lipids and eliminating lindane from cells by an energy-dependent efflux mechanism.
INTRODUCTION
In contamination soils, microorganisms are generally exposed to a complex mixture of hydrocarbon pollutants including aliphatic, aromatic and heteroatomic compounds. Many compounds are hydrophobic and lipophilic, exhibiting a high partitioning to bacterial cell membranes due to high octanol-water partition coefficients (K0,).
Hydrocarbons accumulate in the bacterial cytoplasmic membrane, resulting in alteration of membrane organization, and leading to membrane toxicity of hydrocarbons. 7 The effects of lipophilic compounds on the integrity of membranes have also been well documented for insecticides. For example, a lipophilic insecticide, such as 1, 1-bis(p-chlorophenyl)-2, 2, 2-trichloroethane (DDT), induces perturbation of the membrane lipid bilayer by increasing membrane fluidity. 8, 9) Insecticide parathion changes membrane fluidity by disordering membrane lipid bilayer, consequently resulting in toxicity through a biochemical mechanism. 10 The fluidizing effect of lipo-philic compounds on membranes leads to cells death by changing membrane organization in a way of increasing passive proton flux. " Lindane also partitions into membranes and induces the fluidizing effect. 12, 13) Microorganisms have developed a variety of strategies tourvive in contamination environments. One mechanism for microorganisms to adapt to membrane-active agents and/or changing environmental conditions is to alter the lipid compositions of their membranes, thereby properly modifying membrane fluidity. 14-16) Another mechanism allowing microorganisms to survive in hydrocarbon environments is active efflux system, which eliminates hydrocarbons from cells. 17-19) These two mechanisms are clearly of fundamental importance in bioremediation processes given the environment contaminated by a complex mixture of pollutants. In such environments, microorganisms are expected to transport their preferred energy source for growth by simultaneously eliminating toxic compounds from their cells.
Although microbial degradation of lindane has been studied, little information is known on the microbial mechanisms of survival in the presence of lindane. In this report, we studied adaptive mechanism and lindaneefflux by bacteria that were isolated from lindanecontaminated soil in an effort to better understand the mechanism how microorganisms can survive in environments contaminated by lindane. We used microorganism incapable of degrading lindane, but capable of growth in the presence of lindane, to avoid complications due to degradation kinetics of the substrate in the interpretation of the substrate transport mechanism.
MATERIALS AND METHODS

Chemicals
[UL-14C] Lindane (sp. act. 20 mCi/mmol) and unlabeled lindane were purchased from Sigma Chemical Co. (St. Louis, MO. ). The radiochemical purity was confirmed to be greater than 97% by TLC (thin-layer chromatography) and autoradiography. The molecular probe 1, 6-Biphenyl-1, 3, 5-hexatriene (DPH) used for membrane fluidity measurement was purchased from Molecular Probes Inc. (Eugene, OR, USA). Sodium azide (Fisher Scientific) was used as an inhibitor of lindane transport. All chemicals used in this study were of analytical grade, unless otherwise stated.
Bacteria Isolation and Growth Conditions
Microorganisms were isolated from lindanecontaminated soil by enrichment method as described previously. 6 Briefly, ten grams of lindane-contaminated soil was placed in a 250-m1 flask containing 50 ml mineral salt medium (MSM)6) and 10 mg/L lindane. The flask was incubated at 25C on rotary shaker at 250 rpm for one month. After one month-incubation, four subcultures (10% inocula, v/v) were inoculated into 50 ml MSM containing 1% (w/v) glucose and 10 mg/L lindane, and incubated for 7 days as described above. The cultures were inoculated every four days for 28 days into fresh MSM containing 1 % (w/v) glucose and 10 mg/ L lindane. The cultures were then streaked onto MSM plates with 1% (w/v) glucose and 50 mg/L lindane, onto which lindane was applied using a hockey stick. Seventeen isolates that showed growth in the presence of lindane were selected and restreaked several times to fresh MSM plates with 1% (w/v) glucose and 50 mg/L lindane as described above. Lindane-nonmetabolizable isolates were selected by replica-plating onto MSM plates containing 50 mg/L lindane. Three colonies showed no growth on MSM plate containing lindane as the sole carbon source, suggesting that the colonies were lindanenonmetabolizable, but capable of growth on glucose in the presence of lindane.
Colonies that could not grow in the MSM plates containing lindane as the sole carbon source were purified several times on glucose plates, and their growths were reconfirmed in MSM with 1 % (w/v) glucose as the sole carbon source either in the presence or absence of lindane. One culture that showed the fastest growth in the presence of lindane as compared to the others was selected for further experiments. Preliminary studies showed no degradation of unlabeled lindane or [14C] lindane by this microorganism, as judged by gas chromatographic or TLC analysis. 20 The isolate was identified as Pseudomonas sp. strain by MIDI microbial identification method21 and standard procedures, 22 and was later named Pseudomonas sp. LE2. To prepare standard culture for experiments, Pseudomonas sp. LE2 was grown in 100 ml of 1 % (w/v) glucose in a 250-m1 flask at 25C by shaking at 200 rpm. Cells were harvested in late-exponential phase by centrifugation at 6400)< g for 10 min, washed three times in sterile 0. 1 M phosphate buffer (pH 7. 0, hereafter buffer) and resuspended in the same buffer. The cell suspension was used for the lindane transport assay, determinations of membrane fluidity, and fatty acid composition. The growth of Pseudomonas sp. LE2 was determined by measuring cell turbidity at 600 nm.
Fatty Acid Analysis
Total fatty acids of Pseudomonas sp. LE2 grown on glucose to late-exponential phase either in the presence or absence of lindane were extracted and methyl esterified using a protocol supplied by Microbial ID, Inc. (MIDI, Newark, Delaware, USA). 21) The resulted fatty acid methyl esters (FAMEs) were analyzed by gas chromatograph (GC, Hewlett-Packard model 5890A), comparing to the standards (Sigma Chemical Co. , St. Louis, MO). The oven temperature was programmed from 170 to 270 C at a rate of 5C/min, and the injector and the detector (flame ionization detector) were maintained at 250 and 300°C, respectively. Analytical column was HP 5 capillary column (0. 25 mm id. X 25 m length, HewlettPackard, Avondale, PA), and the flow rate of helium as the carrier gas was 1. 0 ml/min. FAMEs were further analyzed by gas chromatography-mass spectrometry (GC/MS). For a given sample, three independent determinations were made, with the standard deviation being within maximum 7%.
Membrane Fluidity Determinations
Membrane fluidity was determined indirectly by measuring the fluorescence polarization of the probe, 1, 6-Biphenyl-1, 3, 5-hexatriene (DPH), inserted into the cytoplasmic membranes with the method as described previously. 16 Cells grown on glucose either in the presence or absence of lindane were harvested as described above, and resuspended in buffer to give an optical density (OD) of 0. 4 at 600 nm. To assess the effects of lindane on the DPH fluorescence polarization in vitro, lindane dissolved in buffer (1 ml) was added to 2 ml of the cell suspension before adding the DPH probe. The concentration of lindane used for DPH fluorescence polarization assay was within aqueous soluble range.
Fluorescence polarization was measured using a Perkin-Elmer MPF-3 spectrofluorometer equipped with a thermostatted cell cuvette holder and cuvette stirrer. The excitation and emission wavelength for the DPH probe was 356 and 430 nm, respectively. The intensities parallel (I) and perpendicular (Ivh) to the vertically polarized excitation beam were recorded and the degree of polarization (P) calculated from the intensity measurements by the equation: P=(IVV-IVh G)/(IVV+IVh G), where G was the correlation factor for instrument polarization and expressed as the ratio of vertical to horizontal measurements when the excitation light is polarized in the horizontal direction. A high value of polarization represents a high structural order or low membrane fluidity, and vice versa. No effects of probe solvents on DPH polarization were observed. A background control without the DPH probe was measured under identical conditions for each sample, which showed no detectable effects on the membrane fluidity assay. To determine the membrane transition temperature ( Tm), fluorescence polarization of DPH was measured as a function of temperature ranged from 10 to 90°C at a rate of 1. 0 C/min. All experiments were conducted in triplicate.
Lindane Transport Experiments
Cells grown on glucose as the sole carbon source at late-exponential phase were washed three times and resuspended in buffer as described in the previous section to give a final optical density (OD) of 2. 0 at 600 nm. Lindane transport assay was initiated by addition of 10 ml of cell suspension to acid-washed, ultrapure waterrinsed and sterilized 125-ml flask containing unlabeled lindane plus [14C] lindane (approximately 8 KBq) in 10 ml of buffer. The final concentration of lindane used was below the aqueous solubility23 to minimize the experimental complications due to adsorption. The cultures were shaken at 200 rpm, and aliquots (1 ml) were taken at various sampling times and vacuum-filtered through glass fiber filters (0. 2 sum). The temperature setting used for transport assay was the same for growing cells as described above. The cells on filters were then washed three times with 2 ml of ice-cold ethanol containing unlabeled lindane (20 jiM). The aliquot of filtrates was used for determination of radioactivity in external of cells. The filters were then removed and transferred to a l0-ml scintillation vial followed by the addition of 10 ml of ScintiVerseIl cocktail (Fisher Scientific), which allowed cells to be digested overnight. The radioactivity of the digested cell mixtures was determined by liquid scintillation counting in a Beckman LS6000 scintillation. The [14C] in cell pellets were taken as [14C] transported by cells during the assay period.
To assess whether lindane transport was energydependent or independent, transport experiment was carried out either in the presence or absence of 40 pM sodium azide. Sodium azide was added directly to cell suspensions during transport assay. In a preliminary study, when concentrations of sodium azide ranging from 5 to 200 pM were used, 40 pM sodium azide was the lowest concentration shown to sufficiently inhibit the growth of Pseudomonas sp. LE2 in glucose, but this concentration did not kill the cells. At timed intervals, 1-ml cell aliquots were taken, filtered through glass fiber filters and digested, then the radioactivity was determined as described above.
RESULTS AND DISCUSSION
Fatty A cid Composition
Microorganisms capable of adapting to toxic substances have shown biological, chemical and physical changes by modifying their membranes to maintain a proper fluid state. These modifications result mainly from alterations in the fatty acid compositions of membrane lipids. 14-16) We assayed total fatty acid compositions of Pseudomonas sp. LE2 cells grown on glucose either in the presence or absence of lindane to investigate how Pseudomonas sp. LE2 changes fatty acid composition to counteract the lipophilic action of lindane.
An increase in the ratio of saturated fatty acid to unsaturated fatty acid was observed in cells grown on glucose in the presence of lindane, resulting in a ratio of total saturated to unsaturated fatty acids of approximately 0. 9 (Table 1) , which was comparable to the ratio of 0. 5 in cells grown on glucose in the absence of lindane. Growth on glucose in the presence of lindane led to an increase in all the saturated fatty acids of cells of Pseudomonas sp. LE2. Hexadecanoic acid (C16: 0) was the predominant saturated fatty acid, representing about 30% of the total fatty acids in cells grown on glucose in the absence of lindane and up to about 39% of the total fatty acid in cells grown on glucose in the presence of lindane ( Table 1) . The cis/trans isomerization of double bond of a fatty acid is also a strategy for adaptation mechanism to environmental contaminants. 24, 25) In our experiments, these fatty acids were not detected in Pseudomonas sp. LE2 cells. The data in our experiments suggest Pseudomonas sp. LE2 capable of adapting to the lipophilic effect of lindane by increasing saturated fatty acid compositions in cell membrane lipids.
An increase in growth temperature is known to increase the degree of saturation of membrane fatty acids in microorganisms, 26 which is due to adaptive mechanism of bacteria able to grow in changing growth temperature. Increasing temperature makes bacterial membranes more fluid, and vice versa. Therefore, microorganisms capable of growth in increasing temperature are expected to change the lipid compositions in their membranes by increasing saturated fatty acid composition in order to compensate for fluidizing effect of increasing temperature. The fluidizing effect of increasing temperature on membranes is likely similar to that of lipophilic compounds such as lindane. Therefore, changes in fatty acid composition by increasing growth temperature would resemble those of cells grown on glucose in the presence of lindane. When Pseudomonas sp. LE2 was grown on glucose at 30C in the absence of lindane, the membrane fatty acid profile resembled that of cells grown on glucose at 25C in the presence of lindane (Table 1) . These results suggest changes in fatty acid compositions are adaptive mechanism allowing Pseudomonas sp. LE2 cells to counteract to fluidizing effect of lindane or increasing growth temperature.
Membrane Fluidity
Lindane is expected to induce perturbation of membrane lipid structure once it is partitioned into cell membranes, due to a lipophilic nature. The effect of lindane on membranes was determined in vitro by measuring the fluorescence polarization of the probe DPH inserted into Pseudomonas sp. LE2 cells that preincubated either with or without lindane. DPH is known to partition and locate within the membrane hydrophobic core, where it provides information on the fluid state of cell membrane. 8, 9, 16) Lindane significantly affected the membrane fluidity of Pseudomonas sp. LE2 cells grown on glucose in the absence of lindane, resulting in lowering transition temperature ( Tm) of cell membranes from about 25 to 22C at 8 aM (Fig. 1) . This result was consistent with previous observation that lindane resulted in decreased Tm value of native membranes by decreasing DPH polarization ratio. 12, 13) The percentage ratio of DPH fluorescent polarization value in cells grown on glucose in the absence of lindane was approximately 52% ( Table 2 ). The percentage ratios were calculated by the equation:
X 100, where control and sample denote polarization ratios of Pseudomonas sp. LE2 cells incubated without and with 8 jiM lindane at 25 C, respectively, before adding DPH to the cell suspen- Table 1 Percentages of total fatty acid in Pseudomonas sp.
LE2 grown on glucose either in the presence or absence of lindane.
* SAT, saturated fatty acid; UNSAT, unsaturated fatty acid including hydroxylated chain.
sions. Therefore, high percentage ratios in the fluorescent polarization value indicate high membrane fluidity, and vice versa. Considerably lower ratio of DPH fluorescent polarization value in cells grown on glucose in the presence of lindane was observed as compared to cells grown on glucose in the absence of lindane (Table 2) , giving the percentage ratio of about 18%. These results suggest lindane had less effect on membrane polarization of cells grown on glucose in the presence of lindane.
This lack of an effect is likely due to the adaptive changes in the lipid composition of the cell membranes. Indeed, a ratio of total saturated to unsaturated fatty acids in cells grown on glucose in the presence of lindane was higher than that in cells grown on glucose in the absence of lindane ( Table 1 ). The high ratio of total saturated to unsaturated fatty acids of cells grown on glucose in the presence of lindane suggest that cells membranes become more resistant to the fluidizing action of lindane, which consequently resulted in vitro in low ratio of DPH fluorescent polarization value (18%) as compared to cells grown on glucose in the absence of lindane (52%). Therefore, the data from membrane fluidity assays together with the results of changes in the fatty acid composition suggest that Pseudomonas sp. LE2 cells adapt to the fluidizing action of lindane by making their membranes less fluid in the way of incorporating more saturated fatty acid into cell membranes.
Lindane Transport
Pseudomonas sp. LE2 showed adaptive changes in membrane structure by increasing the saturated fatty acid compositions in membrane lipids when cells were grown on glucose in the presence of lindane (Table 1) , which consequently resulted in less fluidizing effect of lindane on membranes (Fig. 1) . These adaptive changes are considered to involve in making cells more resistant to the partitioning tendency of lindane into membranes. However, there is still the possibility that lindane can partition into membranes even under such membrane status. Therefore, we hypothesized an efflux system as one possible mechanism to eliminate lindane completely from cells. To test this, lindane transport was assessed by incubating cell suspensions with [14C] lindane either in the presence or absence of sodium azide, and the distribution of radioactivity of [14C] lindane was determined in cell pellets and cell filtrates.
No time-dependence or steady-state accumulation of radioactivity of [14C] lindane was observed without sodium azide treatment (Fig. 2) . The radioactivity accumulated in Pseudomonas sp. LE2 cells during the 40-min assay period was about 0. 24 pmol per g dry wt cells ( Table 3 ). The result pattern was the same even during assay period up to 80 min, suggesting that lindane entered cells via simple diffusion mechanism without (Fig. 2) , giving approximately 1. 48 pmol per g dry wt cells (Table 3) , which was about six times higher than that in cell pellets incubated without sodium azide. The radioactivity in cell filtrates of Pseudomonas sp. LE2 was observed to immediately decrease by addition of sodium azide (Fig. 2) , suggesting inhibition of lindane elimination from cells by sodium azide treatment. Sodium azide is a membrane transport inhibitor that prevents the production of high-energy compounds needed for the active transport of substrates across cell membranes. 19 Therefore, the findings that the increased radioactivity in cell pellets and decreased radioactivity in cell filtrates by sodium azide indicate passive uptake and active efflux of lindane by Pseudomonas sp. LE2. The opposite pattern would be observed if lindane was actively accumulated in cells by energy supply. Our data show that Pseudomonas sp. LE2 capable of growth in the presence of lindane is able to counteract the fluidizing action of lindane by changing membrane structure and eliminating lindane from the cells via an energydependent efflux system. We do not rule out the possibility that other factors such as cell envelop changes could involve in survival mechanism of Pseudomonas sp. LE2 in environments contaminated with lindane. Studies to elucidate efflux system for lindane transport and to determine the selectivity of the efflux system between lindane and other organochlorine insecticides are underway.
